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ものである.
心筋梗塞や脳梗塞･腎梗塞･下肢の壊症の主因となる動脈硬化は,食生活の欧米化に伴って日
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り,その解決のためには,血管系の動脈硬化の早期診断が必要不可欠である.この早期診断のた
めには,診断精度は勿論のこと,診断方法の簡便さと同時に,患者に苦痛を与えずに繰り返し適
用できる診断装置が必要である.
本研究は,ニトログリセリン(血管拡張薬)に対する中膜平滑筋の過渡応答である血管拡韻反応
杏,高い空間分解能と時間分解能で検出するための高精度な連続計測システムを新たに開発し,
従来不可能だった,動脈硬化症の無徴候性段階での検出･評価も含めた,動脈硬化症の早期診断
法として確立することを目指したものである.
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学会東北地方会プログラム22-3, p. 2(September 23, 2001,仙台)
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69･砂川和宏,金井　浩,小岩喜郎,田中元直:"動脈壁振動の厚み方向の伝搬の計測と解析"第
22周日本超音波医学会東北地方会プログラム22-4, p. 2(September 23, 2001,仙台)
70･上野仁美,金井浩,砂川和宏,小岩喜郎:"心室中隔壁内の複数点の振動の同時計測と解析"
第22回日本超音波医学会東北地方会プログラム22-14, p. 6(September 23, 2001,仙台)
71･勝又慎一,金井　浩,本田英行,小岩喜郎,田中元直: `心臓壁からの超音波後方散乱信号の短
周期変動成分の計測"第22回日本超音波医学会東北地方会プログラム22-15, p. 6(September
23, 2001,仙台)
72･渡辺　俵,長谷川英之,金井　浩: "動脈壁微小厚み変化計測のための音響レンズ特性の検
討"電子情報通信学会超音波研究会資料US 200ト49, pp. 7-14 (September 25-26,仙台)
73:勝又慎一,金井活,本田英行,小岩喜郎,田中元直: "心臓壁からの超音波後方散乱強度の一
心周期内での短周期変動の計測"電子情報通信学会超音波研究会資料uS 2001-48, pp. 1-6
(September 25-26,仙台)
74･鎌田英一,小岩喜郎,池田　浮,後藤　浮,猪瀬幹艶白土邦男,本田英行,斎藤淑子,大
平兼任,千葉賢治,長谷川英之,金井　浩: "肥大型心筋症患者の拡張期の貫壁性不均一性
に対する薬剤及びペースメーカーの効果''第38回日本臨床生理学会総会(september 28-29,
2001,秋田)
75･小岩喜郎,鎌田英一,後藤　浮,池田　浮,猪瀬幹雄,白土邦男,上野仁美,長谷川英之,
金井　浩,本田英行‥ "心雑音による心筋収縮抑制の臨床的証明"第38回日本臨床生理学会
総会(September 28-29, 2001,秋田)
76･ Hideichi Kamada, YoShiro Koiwa) Jun meda! Hideyuki Horida) Hiroshi Kanai) Hideyuki
Hasegawa, Kunio Shirato:川Transmyocardialheterogeneity in non-hypertrophic reglOn in
HCM" Japanese Heart Failure Society, 5th AnnualMeeting (October 25-27, 2001, Sendai)
77･長谷川英之,金井　浩,小岩喜郎: "動脈壁の厚み変化の直接計測による推定誤差の低減法"
第22回超音波エレクトロニクスの基礎と応用に関するシンポジウム講演予稿集E-1, pp.
45-46 (November 7-9, 2001,横浜)
78･渡辺　健,長谷川英之,金井　浩: "動脈壁厚変化計測の最適な超音波ビーム形状の検討,,
第22回超音波エレクトロニクスの基礎と応用に関するシンポジウム講演予稿集p2-44, pp.
259-260 (November 7-9, 2001, #*)
79･勝又慎一,金井　浩,本田英行,小岩喜郎: "超音波診断のための心筋伸縮時の振動の計測と
解析"第22回超音波エレクトロニクスの基礎と応用に関するシンポジウム講演予稿集p2-45,
pp･ 26ト262 (November 7-9, 2001,横浜)
80･金井　浩,長谷川英之,渡辺　優,小岩喜郎,手塚文明,市来正隆,砂川和宏: "血管壁組
織性状の超音波診断を目指しで'電子情報通信学会東北支部先端技術シンポジウム『医療工
学における先端技術の動向』 pp･ 43-52 (November 9, 2001,郡山)
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81.砂川和宏,金井浩,小岩喜郎,田中元直: "動脈壁の厚み方向の振動伝搬評価を目指した壁
振動の層状計測と解析''東北大学電気通倍研究所第32回超音波エレクトロニクス研究会
32-3 (November 15, 2001,仙台)
82.道下和昭,金井　浩,長谷川英之,砂川和宏: "超音波による低周波加振力の音響出力依存
性に関する実験的検討"日本エム･イ-学会東北支部大会講演論文集p. 21 (November 17,
2001,盛岡)
83.大平兼任,千葉柴治,賀来満夫,小岩喜郎,金井　浩,長谷川英之,渡辺　優: "全身的な
動脈硬化評価のための頚動脈壁ドプラ計測の有用性''第4回日本栓子検出と治療研究会論文
# all, p. 45 (November 24-25, 2001, ##)
84.勝又慎一,金井浩,本田英行,小岩喜郎,田中元直: "心臓壁からの超音波後方散乱信号の
変動周波数と心臓壁局所厚み変化速度の関係"東北大学電気通信研究所工学研究会分科会超
音波エレクトロニクス研究会33-3 (December 13, 2001,仙台)
85.渡辺　康　長谷川英之　金井浩　小岩喜郎: "高解像度動脈壁弾性率断層像の算出に関する検
討"東北大学電気通信研究所工学研究会分科会超音波エレクトロニクス研究会33-4(December
13, 2001,仙台)
86.金井　浩,小岩喜郎: "超音波による心臓壁振動の計測と心筋症診断の試み"第14回みや
ぎ心エコー研究会(特別講演) (January ll, 2002,仙台)
87.金井　浩: "音を使って体の中をみる"日本音響学会2 1世紀特別企画『いっしょに学ぼう音
の不思議』 (音の不思議教室) (January 12, 2002,仙台)
88･ HiroShi KanaiI YoShiro Koiwa: HDetection of Rapid Velocity Components in Myocardium
and LocalChange in Thickness"電子情報通信学会超音波研究会資料US2001-84応用音響
研究会資料EA2001-98, pp. 21-26 (January 24-25, 2002,京都)
89.渡辺　優,長谷川英之,金井　浩,小岩喜郎,鎌田英一,本田英行,千葉賢治,大平兼任:
"動脈壁内腔側の弾性特性変化による動脈硬化症早期診断法の検討"第23回日本超音波医学
会東北地方会プログラム23-1, p. 1(March 17, 2002,仙台)
90.長谷川英之,金井　浩,小岩喜郎: "直交検波信号を用いた頚動脈後壁内腔面の境界検出法"
第23回日本超音波医学会東北地方会プログラム23-2, p･ 1(March 17, 2002,仙台)
91.佐藤裕輝子,斎藤淑子,宇塚善郎,鈴木宗三,金井　浩,小岩喜郎: "位相差トラッキング
法を用いた成人急性骨髄性白血病患者におけるAnthracycline cardiotoxicityの評価"第23
回日本超音波医学会東北地方会プログラム2313, pp. 1-2(March 17, 2002,仙台)
92.砂川和宏,金井　浩,小岩喜郎,田中元直"動脈壁各層の振動の一心周期中の減衰特性変化
の評価''第23回日本超音波医学会東北地方会プログラム2317, p. 3(March 17, 2002,仙台)
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93･勝又慎一,金井　浩,田中元直,本田英行,小岩喜郎"心臓壁からの超音波後方散乱の時間
胡変動原因の検討''第23回日本超音波医学会東北地方会プログラム23-8, p. 3(March 17,
2002,仙台)
94･鈴木則嗣,千坂泰,木村芳孝,長谷川英之,小岩喜郎,岡村州博,金井　浩"位相差トラッ
キングによる胎児心室壁微か振動の評価"第23回日本超音波医学会東北地方会プログラム
23-16, p･ 6(March 17, 2002,仙台)
95･芳賀大樹,渡辺優,長谷川英之,金井　浩,小岩喜郎: "動脈壁の局所弾性特性の2点同
時計測による血管反応性評価"第23回日本超音波医学会東北地方会プログラム23-25, pp.
9-10(March 17, 2002,仙台)
_.96･上野仁美,砂川和宏,金井　港,小岩喜郎: "心室中隔壁中の振動伝搬の減衰特性に関する実
験的検討''第23回日本超音波医学会東北地方会プログラム23-26, p. 10(March 17, 2002,
仙台)
97･道下和昭,長谷川英之,金井浩"超音波による生体組織の非侵蕪的加振の可能性に関する
実験的検討"第23回日本超音波医学会東北地方会プログラム23-27, p. 10(March 17, 2002,
仙台)
98･長谷川英之,金井　浩,小岩喜郎: `働脈壁の弾性特性計測のための動脈壁位置の検出法,,日
本音響学会2002年春季研究発表会予稿集3-1-14, pp･ 1077-1078 (March 18-20, 2002,横浜)
99･渡辺　優,長谷川英之,金井　浩: "超音波ビーム形状の動脈壁厚変化計測精度への影響の検
討"日本音響学会2002年春季研究発表会予稿集3-1-5, pp. 1079-1080 (March 18-20, 2002,
横浜)
100･渡辺　優,長谷川英之,金井　浩,小岩喜郎: "高解像度動脈壁弾性率断層像に関する検討"
日本音響学会2002年春季研究発表会予稿集1-3-4, pp･ 1157-1158 (March 18-20, 2002,横浜)
101･ Hideyuki Hasegawa) Hiroshi Kanai) Yoshiro KoiwaI MaBataka lchiki, and Fumiaki Tezuka:
"Ultrasonic Measurement of RegionalElasticity of ArterialWall for Evaluation of Vul_
nerability of Atherosclerotic Plaque朔 The 66th Annual Scienti丘c Meeting of the Japanese
Circulation Society PJ-401, p･ 787 (April 24-26, 2002,札幌)
102･ Yoshiro Koiwa, Jun lkeda, Mikio lnoseI Kunio SHiradoI Hideyuki Hasegawa, Hiroshi
Kanai, YoShiko Saitou) Hideyuki Honda: HRelationShip between passive thidening of
transmuralmyocardiallayer at late diastole and elevated LVEDP in HCM"The 66th
AnnualScientific Meeting of the Japanese Circulation Society OJ-097, p. 323 (April
24-26, 2002,札幌)
103･ Yoshiro Koiwa, Hideichi KamadaI Mikio lnose) Jun lkedaI Kunio SHirad09 Hitomi Ueno,
Hideyuki Hasegawa, HiroShi Kanai, YoShiko Saitou: "Heart murmur traSmitted to the
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myocaJdiumdetermines ventricularfunctionand traSnmuralmyocardial functionalhetero一
geneity" The 66th AnnualScientific Meeting of the Japanese Circulation Society OJ1450,
p. 441 (April 24-26, 2002,札幌)
104･ Yoshiro Koiwa, Hiroshi Kanai, Shogen lsoyama: "Sensitivity of the myocardialsystolic
viSCO-elastic properties underJ brief period coronary flow reduction)evaluated by the wave
transmisSion" The 66th AnnualScientifiC Meeting of the Japanese Circulation Society PJ-
473, p. 441 (April 24-26, 2002,札幌)
105.長谷川英之,渡辺　鹿,金井　浩,小岩喜郎,手塚文明,市来正隆: "高解像度動脈壁弾性
率断層像の経皮的超音波計測"第41回El本エム･イ-学会大会322-07, p. 314 (May 2002,
京都)
106.長谷川英之,金井　浩,小岩喜郎,手塚文明,市来正隆: "動脈壁の局所弾性率の計測による
組織性状診断の検討"日本超音波医学会第75回学術集会プログラム･講演論文集75-YOOl,
p. S195 (June 1-3,高松)
107.小岩喜郎,猪瀬幹雄,白土邦男,大平兼任,千葉賢治,金井　浩,長谷川英之,渡辺　優:
"動脈壁内弾性値分布と心血管系リスクスコアの定量的関係"日本超音波医学会第75回学術
集会プログラム･講演論文集75-HOO2, p. S469 (June 1-3,高松)
108.砂川和宏,金井　浩,小岩喜郎: "動脈壁各層の振動の同時計測と周波数解析"日本超音波
医学会第75回学術集会プログラム･講演論文集75-AO16, p. S222 (June 1-3,高松)
109.金井　浩,小岩喜郎: "心筋の高速な速度成分と局所厚み変化の空間分布の計測"日本超音
波医学会第75回学術集会プログラム･講演論文集75-AO29,.p･ S235 (June 1-3,高松)
110.西候芳文,田中元直,金井　浩,小林和人,穂積直裕,仁田新一: "組織性状診断はどこま
で可能か一理論と実際一高周波数超音波による心血管系の組織診断"日本超音波医学会第75
回学術集会プログラム･講演論文集75-S122, p. S188 (June 1-3,高松)
111.小岩喜郎,鎌田英一,猪瀬幹雄,白土邦男,伏見悦子,林　雅人,長谷川英之,金井　浩,市
来正隆,手塚文明: "体表面からの非観血的方法による,動脈壁粥腫病変の高精度組織(脂肪,
勝原線維)計測"第1 3 4回日本循環器学会東北地方会講演番号11 (June 8, 2002,盛岡)
112.金井　浩,長谷川英之,小岩喜郎: "心臓壁振動と動脈壁厚み変化の高感度超音波計測の研
究"第1回東北大学医工学シンポジウム(July 12, 2002,仙台)
113.道下和昭,長谷川英之,金井　浩: "粘弾性特性の計測を目指した超音波による低周波加振
力生成に関する実験的検討"平成14年度電気関係学会東北支部連合大会講演論文集1E12,
p. 169 (August 27-28, 2002,米沢)
114.泉　直行,長谷川英之,勝又慎一,金井　浩,小岩喜郎,田中元直: "スポンジの伸縮にお
ける超音波後方散乱強度の高周波変動の計測"平成14年度電気関係学会東北支部連合大会
講演論文集lE13, p. 170 (August 27-28, 2002,米沢)
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115.菊池奈津美,上野仁美,砂川和宏,金井　浩,小岩喜郎: "超音波により計測された心室中
隔壁微小振動の駆出期における周波数解析''平成14年度電気関係学会東北支部連合大会講
演論文集1E14, p. 171 (August 27-28, 2002,米沢)
116.砂川和宏,金井　浩,小岩喜郎: "粘弾性推定を目的とした動脈壁振動の伝搬減衰特性の規則
と解析"電子情報通信学会超音坂研究会資料US 2002-54, pp. 1-6 (September 19-20,仙台)
117.長谷川英之,金井　浩,小岩喜郎,市来正隆,手塚文明: "病理榎本との対応に基づいた動脈
壁組織の弾性率のin vitro計測"電子情報通信学会超音波研究会資料US 2002-55, pp. 7-12
(September 19-20,仙台)
118.道下和昭,長谷川英之,金井　浩: "音響放射力による加振に伴う対象物変位の超音波計測に
_.関する実験的検討"電子情報通信学会超音波研究会資料US 20'02-56, pp. 13-16 (September
19-20,仙台)
119.長谷川英之,金井　浩,小岩喜郎: "動脈壁の粘弾性特性計測を目指した外部加振による動
脈壁振動の計測"第24回日本超音波医学会東北地方会プログラム24-24, p.12 (September
21, 2002,山形)
120.金井　浩,小岩喜郎,田中元直: "心室中隔壁での振動伝搬の計測"第24回日本超音波医学
会東北地方会プログラム24-25, p.13 (September 21, 2002,山形)
121.長谷川英之,金井　浩,小岩喜郎: "動脈壁の粘弾性特性計測を目指した外部加振による動脈壁
厚変化の計測"日本音響学会2002年秋季研究発表会予稿集1-7-6, pp. 1001-1002 (September
26-28, 2002,秋田)
122.道下和昭,長谷川英之,金井　浩,小岩喜郎: "超音波を利用した低周波加掛こよる粘弾性
特性の計測に関する実験的検討"日本音響学会2002年秋季研究発表会予稿集2-8-4, pp.
1073-1074 (Septe血ber 26-28, 2002,秋田)
123.金井　浩,勝又慎一,長谷川英之,小岩喜郎,田中元直: "生体ファントムの厚み変化時の
超音波後方散乱における早い周期変動の計測"第23回超音波エレクトロニクスの基礎と応
用に関するシンポジウム講演予稿集E-3, pp. 241-242 (November 7-9, 2002,金沢)
124.長谷川英之,金井　浩,小岩喜郎, James P. Butler: "動脈壁の粘弾性特性計測を目指した
外部加振時の壁厚み変化の計測に関する実験的検討"第23回超音波エレクトロニクスの基
礎と応用に関するシンポジウム講演予稿集p2-33, pp. 205-206 (November 7-9, 2002,金沢)
125.道下和昭,長谷川英之,金井　浩: "超音波加握を用いた対象物の粘弾性特性の超音波計測
に関する実験的検討"第23回超音波エレクトロニクスの基礎と応用に関するシンポジウム
講演予稿集p2-32, pp. 203-204 (NoⅦmber 7-9, 2002,金沢)
126.道下和昭,長谷川英之,金井浩: "粘弾性特性の非侵製的計測を目指した超音波加振に伴う
対象物変位の計測"第36回日本エム･イ-学会東北支部大会講演論文集28, p. 35 (November
30, 2002,仙台)
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127.道下和昭,長谷川英之,金井浩: "非侵蕪的な粘弾性特性の計測を目指した音響放射圧に
よる低周波加振および変位の超音波計測"第36回超音波エレクトロニクス研究会36-5,第
321回音響工学研究会321-5 (December 12, 2002,仙台)
128.金井　清,小岩喜郎: "心臓壁内のパルス波伝搬の映像化"電子情報通信学会超音波研究会
資料US2002-126応用音響研究会資料EA2003-01, pp. 37-42 (January 27-28, 2003,京都)
129･ K･ Ishii, H･ Kanai, K. Yanai, H. Fuknda: "Advanced Technologies in ln-Vivo FuncylOnal
Imaging" The First lnternationalSymposium of Future MedicalEngineering based on
Bio-nanotechnology, pp. 30-32 (January 28, 2003,仙台)
130.道下和昭,長谷川英之,金井　浩: "超音波からの音響放射圧を用いた低周波加振による粘
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Rear-time Velocimetry for Evaluation of Change in Thickness of Arterial
WaII
Hiroshi Kanail and Ybshiro Koiwa2
abst ract
We previously developed a new method, namely, the phased trackizlg method,for accurately
tracking the movement of the heart wall and arterial wall based on both the phase and magnト
tude of the demodulated signals to determine the instantaneous position of an object･ By this
method, the localchange in wall thickness during one heartbeat is determined. We have now
developed a real-time system for measurlng Change in thickness of the myocardillmand arterial
Wall. In this system, four high-Speed digitalsignalprocessing (DSP) chips are employed for
realizing the initially developed method in real time･ The tracki.ng results for both sides of the
wall are superimposed on the M (motion)-mode image in the workstation, and the thickness
changes of the arterialWall are displayed in realtime. By this system, as herein reported,
Velocity signals of the arterial wall with amplitudes less than several micrometers can be suc-
cessfully detected in realtime with su氏cient reproducibility. The elasticity of the arterial wall
is evaluated by referring to the blood pressure. In血vivo experiments, the rapid response of the
change in wall thickness of the carotid artery to the dose of nitroglycerine (NTG) is evaluated
for a young healthy subjectand a young smoker. This new real-time system offers potential
for quantitative diagnosis of early-stage atherosclerosis by the transient evaluation of the rapid
response of the cardiovasclllar system to physiological stress.
keyword
Phased tracking method, Local change in thickness, Atherosclerosis, Elasticity, Real-time sys-
tem, Stress test, Transient response, Nitroglycerine.
1 Department of Electronic Engineering, Graduate School of Engincxtring, Tohoku University, Sendai980-
8579, Japan. fax: +81-22-263-9444. E-mail: hkanai@ecei.tohoku.ac.jp
2First Department of lnternalMedicine, Tohoku University School of Medicine, Seiryou-machi, Aoba-ku,
Sendai98018574, Japan
25
1 Introduction
At the beginnlng Of the ejection period, the arterialwall is affected by the pressure wave which
comes from the left ventricle (IJV)and expands the lumen. Consequently, the arterialWall
becomes slightly thin during the ejection period. In the literature, measurement of the change
in diameter, △dBA, (i), Of the lumenJin Fig. 1,has been reported. From △dBA,(i), the elasticity
of the arterialWall can be diagnosed, but it is assumed that the arterial wall is homogeneously
changed in the circumferential direction due to atherosclerosis.
On the other hand, measurement of the change in thJ'Ckness of the wall makes it possible to
evaluate the elasticity of the arterial wall in each localarea, the locality in the circumferential
direction being indispensable to diagnosis or the inner characteristics of atherosclerotic plaque.
For tg.is purpose, by trackL'ng the instantaneous positions, xA(i)and xB(i), Which are respec-
tively preset at xA(to)and xB(io) at the end-diastolealOng the ultrasonic beam in the arterial
wall as illustratedinFig･ 1(b), the small change in wall thickness, △hAB(i), between these
two points, A and B, is obtained ll] as illustrated in Fig. 1(C) if the ultrasonic beam is almost
perpendicular to the wall･ From the ratio of the change in thickness, △hAB(i), tO the thickness
hAB(to) between these points preset at the end-diastole, the deformation is obtained. If the
deformation is su氏ciently small and is in the linear reglme, it shows the strain, and thus the
regional elasticity of the wall canbe approximately evaluated using the pulse pressure measured
at the brachial artery. Therefわre, the transcutaneous measurement of the change in thickness
of the reglOnal area of the arterial wall during each cardiac cycle provides the essential tools
for diagnosis of atherosclerosis.
The accuracy required for the simultaneous measurement of the instantaneous positions xA(i)
and xB(i) of points A and B is estimated as follows: For the carotid artery, the thickness of the
wall is about 1 mm and the change in thickness, △hAB(i), is less than 100 ibm during one cardiac
cycle in normaladults ll]. Therefore, the necessary spatial resolution in the measurement of
instantaneous position as a waveform is at least 10 FAm･ If the velocity signals vA(i)and
vB(i) of these two points, Aand B, are detected based on the pulse Doppler method, the
necessary accuracy of the velocity measurement is about 10 flm/200 〝S -0.05 m/s when the
pulse repetition frequency (PRF) of the transmission-pulse train is 5 kHz (-l/200 ps). If the
equivalent sampling period of the velocity signalvi(i) is longer than 200 ps as in the FFT
(fast Fourier transform)-based standard Doppler system, for example, more accurate velocity
measurement is reqllired.
ThoughM-mode echocardiography offersanadvantage in critically examlnlng the motion
pattern of the wall, its spatialresolution along the ultrasonic beam iS limited to a few wave-
lengths, namely, at most about severalhundred micrometers for ultrasound of 7 MHz becallSe
anM-mode image is displayed based on the amplitude of the reflected ultrasound. On the other
hand, there have been numerous elaborate techniques proposed for noninvasive measurement
of the velocity of the blood且Ow in the arteries based on the Doppler effect. Moreover, several
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methods, including the phase-locked-loop (PLL) teclmiques, have been proposed to measure
rough danges in the diameter of the arterial walls by tracking arterial wall displacement in
realtime.-
Fbr the accllrate detection of the velocity signal, tllat is, the instantaneollS movement, On Or
in the heart wall or arterialWal1, We have developed the followlng "Chased tTaCkl'zlg method"
[21. In this method, by calculating the auto-Correlation function with the constraint least-
mean-square technique between the sequentially received echoes, the phase cllange Caused by
movement of the preset point (i) during the pulse repetition period AT(-1/PRF) is accurately
determinedand the average velocity vi(i) during the period is obtained･ By adding the product
ofvi(i) and △T to the previous object position xi(i), the next position, xi(i+△T), is estimated
争S Xi(i) + vi(i) × △T･ This method has been confirmed by experiments using a water tank and
has been applied to the jzI Vivo detection of small velocity signals, with sumcient reproducibility,
at points in the inteⅣentricular septum (IVS) of the human heart 【2】･ The detected velocity
slgnalshows rapid motion, including high frequency components with small amplitudes, which
cannot be recognized by M-mode echocardiography.
Moreover, the method has been applied to multiple points preset along an ultrasonic beam in
the LV wall so that the instantaneous object positions fxi(i)i and the velocity signals tvi(i)I
are obtained for these multiple points (il in the LV wall l3]. The wall changes position and
thickness with time. By making the location of the RV side of the IVS the reference point,
the thickness chazlge duTizlg myOCardjaJ contTaCtL'on/TelaxatL'on canbe detected. Then, their
spatial distribution is obtained and is superimposed on the M-mode image uslng color coding･
The method of measurement herein described was developed by batch processing Onan0ffl
line system in our laboratory. However, the quantity of A/D tonverted data is considerable
and it is time-consuming to transfer the data from the A/D converter to a computer in the
off-line system. Thus, real-time procesSlng lS indispensable to realize new clinicalexamination
tools for evaluation of transient change of the tolerance test.
The development and application of Teal-time pTOCeSSlng Significantly facilitate its llSe in
clinicaldiagnosisand will offer a new tool for clinicalexamination: For example, nitroglycerine
(NTG) is used medically as a vasodilatorfor rapid treatment ofangina pectoris l4]. Real-time
measurement of the transient change in thickness of the heart wall or the arterial wall just a氏er
the sublingual administration of NTG will be of use in direct evaluation of the response of the
heart wall or the arterial wall to the antiamglnal drug. At the same time, real一七ime monitoring
during clinicalintervention is essential for avoiding hyper-responses such as serious hypotension
and/or arrhythmia.
In the process of tracking the instantaneollS position, the object position is moved along the
ultrasonic beam based on the previous results from the complex auto-Correlator. For RexibLe
pTOCeSSlng, We have developed a real一七ime system based on high-speed floating-point digital
signal processing (DSP) chips and a workstation (WS) [11･
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In the hardware system employed) the received echo is quadrature demodulated, and then
the resultant in-phase and quadrature signals are simultaneously A/D converted at a sampling
frequency of 1 MHz with a 12-bit accuracy･ For these large-scale data, it is not possible to
transfer them from the A/D converter to the DSP boards using the VME-bus (versa module
European bus, the IEEEIO24 standard) because its transfer speed is not so high. Much time-
Consuming processing is necessaryJf,om the A/D conve,sion to a real-time display of the M-
mode image, the resultant wave forms, and the tracking results on the CRY (cathode-ray tube)
of the WS･ Thus, we employfour DSP chips･ The A/D converter boards are directly connected
to the DSP board･ All of the processing in the four DSPs should be synchronized with the
transmission timing of the ultrasonic pulse･ By making free use offour DSP chips, pJ'peh'zling
Iand the paTaLLeL pTOCeSSlng are employed to increase the throughput. In this plpelining, each
of thLe- resultant tasks is completed withinthe pulse repetition period, AT, which realizes the
real-time processing, thoughthese tasks cannot be realized in real time with a single DSP chip.
In this study) the real-time system was applied to in vivo experiments on the measurement
of thickeningand thinnlng in the human carotid arterialWal1･ Finally) the system wa"pplied
to the transient evaluation of the rapid response of the change in wall仙ickness of the artery
to the dose of NTG.
2 In vivo Results for the Carotid Artery
The developed real-time system in 【1] iS applied to the human common carotid artery (CCA)
of a presumedly healthy 39-year-old male volunteer･ The ultrasonicfrequency is 7 MHz. Points
(A) and (B) are set on the intima and adventitia of the ant'&ior wall of the same carotid
artery, respectively･ The ultrasonic beam passlng throughthese two points is perpendicular to
the wall during the measurements･ Figures 2(b) and (C) show the velocity signals,V^A(i)and
_～.
v^B(i), reSpeCtively･ The change in thickness, △hAB(i), Of the anterior wall is estimated as
Shown in Fig･ 2(e)･ A minute change in thickness of about 80 pm is measured with su氏cient
reproducibility･ In the wavefbrms of Figs･ 2(b)(C)(e), the dicrotic notch is obviously obseⅣed
at the radiation timing of the second heart sound (ⅠⅠ).
3　Transient EⅥ山ation of Arterial Response to Nitro-
glycerine
As described above in Section 1, the real一七ime system to measure the dange in thickness of the
arterialWall will offer new tools for clinicalexaminations･ In this study) the developed system
is applied to evaluation of transient response of the dange in thickness or the carotid artery
for about the first 160 seconds after the sublingual administration of spray-type NTG.
Thefirst subject is a 25-year-old healthy male volunteer･ The change in thickness, AhAB(i),
of the posterior wall of the CCA and the ECG are continuously measured by the developed
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real-time SyStem･ The blood pressure, p(i), isalSo continuously and noninvasively measured at
the radialartery using a blood pressure manometer (Japan Colin, Jentow-7700).
Figure 3shows the transient response to the sublingual administration of NTG. For each
heartbeat, the wave form of the change in thickness, △hAB(i), is measllred as shown in Fig.
3(e) and the maximum of l△hAB(i)l dming each heartbeat is detectedand is shownin Fig.
3(f)･ Ftom about 40 seconds after the administration of NTG, the pulse rate shownin Fig.
3(b), which is determined from the RIR interval of the ECG in Fig. 3(a), gradually increases,
and the pulse pressure shown in Fig. 3(d) gradually decreases, where the pulse pressure is the
difference between the maximal blood pressure and the diastolic pressure. At the same time,
the maximum cllamge in wall thickness increases. Thus, the arterial wall becomes compliant
about 40 Seconds after the dose or NTG. By assuming that the change in arterial compliance
is one of the factors which inAuence the prolongation of the arrivaltime of the peak pressure
at the radialartery, this observation is supported by the gradual increase of the delay - Shown
in Fig. 3(d) - between仙e peak blood pressure and tile peak of the Rrwave.
On the other hand, the maximum change im wall thickness varies widely, especially血･om
abollt 40 seconds after the NTG-administration (see the Auctuations in the trend of the change
in thickness ofFig･ 3(f))･ As shown in Figs･ 4(b)or 4(C), however, there is a correlation between
the maximum change in wall thickness of Fig･ 3(f) and the pulse pressure of Fig. 3(C) or the
pulse rate of Fig･ 3(b)･ Thus, the scattering in the maximum change in wall thickness shown
in Fig･ 3(f) originates in the scattering in the pulse pressure shown in Fig. 3(d) or the pulse
rate of Fig. 3(b).
Next, the same measurement is applied to the posterior wall or the CCA of a 27-year-old
male smoker consumlng about 20 cigarettes per day for seventyearsand the results are shown
in Fig･ 5･The wall thickness is about l･3 mm, which isalmost same as the first subject in Fig.
3.
Even thoughthere are fluctuations in Fig･ 5, by companng Fig. 5 with Fig. 3, the followlng
observations were found:
1･ The change in thickness during one heartbeat in Figs･ (e)and (f) is relatively small for
the smoker.
2･ The changes in the pulse rate ofFig･ (b), the pulse pressure of the bold line in Fig. (d),
and the maximum change in thickness of Fig･ (f) due to the response to the dose of NTG
are also relatively small f♭r the smoker.
3･ These changes start about 60 Seconds after the dose of NTG for the smoker in Fig. 5
whilefor the healthy subject in Fig. 3 the changes starts after about 40 seconds. Similar
results are obtained for other several healthy subjects.
Thus, the response to the dose of NTG is delayed and smaller f♭r the smoker, Compared to
the young llealtlly VOlunteers.
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4　Conclusions
ln this pap甲We have demonstrated a novel real-time system for simultaneous measurement
of velocity signals at two points preset on anultrasonic beam by tracking the large movement
of the object during the cardiac cycle. From the resultant velocity signals, the localchange in
thickness of the arterial wall was evalpated in realtime. In the preliminary clinicalstudy, the
response of the arterialwall to NTG is directly evaluated by the change in wall thickness for
the first time. In such measurement, the real-time measurement system is indispensable･
Further investigations are necessary to fully support the evaluation method of the response of
the arterialWall to administration of NTG since the administration carries various side effects
such as the reduction of the preloadfor the heart. Detail hemodynamic studies of the cardiac
output flow, the ventricular stroke volume and associated pressure) as well as pressure build-up
during the ventricular systole arealSo necessary for a more accurate evaluation of discriminatory
eGects of NTG on the arterialWal1. Application of the measurement and evaluation to the
response to NTGfor the patients with arterialdiseases needs also be investigated･
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Figure 1: An illustration explaining the procedure or measurlng the change in thickness,
△hAB(i), Of the arterialWal1,and the change in diameter, △dBA,(i), Of the lumen by tracking
the movement xA(i)and xB(i) of points Åand B preset in the arterialwallalong the ultrasonic
beam【11.
(a) cross-sectional image,
(b) displacement xA(i) and xB(i),
(C) change in thickness, △hAB(i), Of the arterialwalland change in diameter, △dBA,(i).
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Figure 2: In vivo experimental results of the vibration at points (A) on the adventitia side and
(β) on the intima side of the anterior wall of the carotid artery [11.
(a)‥ The tracking results x^A(i)and x^B(i) of points Aand B, which are superimposed ｡n the
M-mode image･
(b) and (C): The estimates of the vibration velocity signals v^A(i) and v^B(i) of points A and B.
(d): The ECG and the PCG.
-----~~~-I
(e): The change in thickness, AhAB(i), Of the anterior wall of the artery.
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Figure 3: The transient response of a 251yearl01d healthy male subject to the administration
of nitroglycerine (NTG).
(a) ECG f♭r each heartbeat.
(b) The pulse rate detected from the interval of the a-waves in the ECG.
(C) The blood pressure continuously measured at the radialartery by the manometer.
(d) The pulse pressure (bold line)and the delay time of peak pressure from the a-wave (thin
line).
(e) The chan.ge in thickness of the carotid arterialwall･
(f) The maxlmum Value of the change in thickness, △hAB(i), Of the CCA detected for each
heartbeat.
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Figure 4: Relationships among the maximum change in wall thickness in Fig･ 3(∫), the pulse
pressure in Fig･ 3(d),and the pulse rate in Fig. 3(b).
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Figure 5: The transient response of a 27lyear-Old male smoker to the administration of nitro-
glycerine (NTG). For detail see Fig. 3.
35
Real-time Evaluation of Transient Response of Arterial
Wall Elasticity to Administration of Nitroglycerine
Hiroshi Kanail and Ybshiro Koiwa‡
t Dept･ of ElectriCalEngineering'Graduate School of Engineering, Tohoku University, Sendai980-8579, Japan
I First Dept･ of InternalMedicine, Graduate School of Medicine, Tohoku University, Sendai980-8575, Japan
AbstryICトWe previously developed a new methodl the the locality in the circumferentialdirection being ln-
phがed tra血g methodl for accurately tracking the dispensable to diagnosis of the inner characteristics of
movement of the heart wal1and arterialWal1 based atheroSClerotic plaque.
on both the phase and magnitude of the demodulated
Signals to determine the instantaneous position of an
object l1], [2]･ With this method, the localchange
in wall thickness during one heartbeat canbe deter-
mined･ We have now developed a real-time system
for continuously meaBurlng the changeinthickness of
the myocardiumand arterialWal1 [3】. In this system,
four high-speed digitalsignalprocesslng Chips are em-
ployed for realidng the initially developed methodin
realtime･ The tracking results for both sides of the
wal1are superimposed on the M (motion)-mode image.
The changeinthickness of thearterialWall as small as
severalmicrometers canbe successfully detected in real
time with good reproducibility･ The elasticity of the
aqterialWall is derived from the blood pressure. In血
vl'vo experimentsI the rapid response of the change in
wall thickness of the caqotidartery to the administra-
tion of nitroglycerine (NTG) is ev血ated f♭r a young
healthy subjectand a young smoker.When the change
in thickness is plotted against the simultaneously mea-
sured pressureI Such curvesalso change due tothe ad-
ministration of NTG･ This is shownevery 35 Seconds
after the administration･ This new real-time system of-
fers potential for quantitative diagnosis of early-stage
atherosclerosis by evaluation of the rapid response of
the cardiovascularsystem to NTG.
Ⅰ. INTRODUCTION
At the beginning Of the ejection period,thearterial
Wall is aaected by the pressure wave which comes from
the left ventricle (LV)and expands the lumen. Conse-
quently, the arterialWal1 becomes Slightly thinner dur-
ing the ejection period. h the literature, measurement
of the dangeindiameter, △dBA,(i), Ofthe lumenin
Fig･ 1, has been reported l4]. By assuming that the
arterialWall is homogeneously changed in the circum-
ferentialdirection due to atherosclerosis, the elasticity
of the arterialWall canbe estimatcdfrom △dBA･ (i).
On the other hand, measurement Of the changein
thickness of the wan makes it possible to directly eval-
uate the elasticity of the aqterialWall in each localarea,
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Fig･ 1･ Illu8tration explaining the procedure for measurlng the
chanseinthickn-, △hAB(i), Of the arterid wall,and the
change in diameter, △dBA, (i), Of the lumen by tracking the
po8ition xA(i) and CB(i) of points A and B, r甲peCtively in
the aqterial wal1along the ultrasonic beam l3】. (a.) Longitu-
dinal image･ (b) displacement C^(i) and ∬B(i), (C) chan写c
in thickness, △hAB(i), Of the arterial wall and change ln
diameter, △dBA, (i).
For this measurement,firstly, the positions of the
two points Åand B are respectively preset at C^(to)
and XB(to) at a time of 7To of the end-diastolealong
the ultrasonic beamin thearterialWall as illustrated
inFig･ 1(b)i Then, by trackhg the instantaneous
positions, CA(i)and CB(i), Ofthese points, the small
change in wall thickness, AhAB(i), between these two
points is obtained [3】 aB illustrated in Fig･ 1(C) if the
ultrasonic beam isalmost perpendicularto the wall.
From the ratio of the changeinthickncss, △hAB(i), tO
the thickness hAB(to) - 3;A(to) -a:B(to) between these
points preset at the end-diastole, the deformation due
to compression is obtAmed. If the deformation is suf-
Rciently smal1and isinthe linearrangc, the stmin
canbe derived from this,and thus the regionalelas-
ticity of the arterialWall canbe approximately evalu-
ated using the pulse pressure measured atthc brachial
artery･ Therefore, the transcutaneous measurement of
the changeinthickness of the regionalarea of the arte-
rial wall during each cardiac cycle provides the essen-
tialtools for diagnosis of atherosclerosis･
For the carotidartery, the thickness of the wall is
about 1 mmand the change in thickness, △hAB(i), is
less than100 pm during one cardiac cycle in normal
adults 【3】. Therefore, the necessary spatialresolution
si2;e for continuous measurement of instantaneous po-
sition must be lowerthan a tenth of this, i.e. 10 pm.
ThoughM-mode echocardiography oGersanadvan-
tage to critically examine the motion patternof the
wall, its spatialresolutionalong the ultrasonic beam
is limited to a few wavelengths, - e.g. severalhun-
dred micrometers for ultrasound at 7 MH2; - because
anM-mode image represents the envelope of the re-
ceived signal.
On the other hand, there have been numerous elabo-
rate tedlniques proposed for noninvasive measurement
of the velocity of the blood且owinthearteries, more or
less based on the Doppler e触t. The question is, how-
ever, if a standard Doppler systemwith a typicalpulSe
repetition time of, Say, 200 ps, can providethe sufR-
cient spatialresolution? If the velocity signals vA(i)
and vB(i) of the two points, Åand B, Were to be dc,
tected with a pulse repetition time of 200 IIS, then the
necessary accuracy of the velocity measurement should
be better than 10 Jlm/200 II8 - 0.05 m/S･ This might
not be possible to accurately obtain in the standard
ultrasonic equipment.
Moreover, several methods, including the phase-locked-
loop techniques, have been proposed to measure rough
changes in the diameter of arterial walls by tracking
arterialWall displacement in realtime. With each of
these devices using the PLL technique, however, such
small change in thickness cannot be accurately mea-
sured 【11･
Fbr the accurate detection of the velocity signal, that
is, the instantaneous movement, on or in the heart
wall orarterialWal1, we have developed the "phased
tTaCkLng method" [1]･ In this method, by calculat-
lng the auto-correlationfunctionwith the constraint
least-mean-Square technique between the sequentially
received echoes, the phase change caused by movement
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of the preset point (i) during this pulse repetition pe-
riod △T(=1/PRF) is accurately determined and the
average velocity vi(i) during the period is obtained･
By dding th  product of vi(i) and AT to the previ-
ワus object position Xi (i), the next position, Xi (i+△T),
lS stimated as ∬ (i) + vi(i) × △T･ This method has
been con丘rmed by experiments using a movmg mb-
ber in a water tank and has been applied to the九
Vivo detection of sm l velocity signals,with good re-
producibi止ty, at pointsinthe interventricularseptum
(ⅣS) of the human heart 【1】･ The detected velocity
signalshows rapid motion,including high frequency
omponents with small amplitudes, which cannot be
re ogni2;ed by M-mode echocardiography･
Morcover, method has been apphed to multi-
ple points preset along an ultra80mic beam in the α
wall so that theinstant neouS object positions tCi (i))
and the velocity signals tvi(i)i could be obtained for
these multiple points tiH2】･ The wall changes pOSi-
tionand thickn sswith time. By making the interface
between bloodand the RV side of the TVS the ref-
erence point, the thjckneSS Cbazlge du血g myocardi.at
coLltraCtJ'on/Te)axatJ'on canbe detccted･ Then, their
spatialdistribution is obtained and is superimposed
o  the M-mode image lng COlor coding.
We haN  developed a al-time system based on high-
Speed aoating-point digitalsignalprocesSlng Chipsand
a workstation 【3]･ The development of Teat-time pro
ces血g signi丘Cantly facilitate the useinclinicaldiag-
nosisand oaer  a new tool for clinicalexamination:
For xample, nkroglycerine (NTG) is used medically
a  a vasodilator for rapid treatment ofanglna peCtOriS
l5】. RBal-time continuous measurement Of the tran-
sient hange i  thickness of the heart wall orthe ar-
terialWall just after the sublingualadministration of
NTG can be of use in direct evaluation of the response
f he heart wall or thearterialWall to theantianginal
drug. h addition, real-time monitoring during clinical
interve t on is essential for awoiding hyper-responses
such as serious hypotension and/or arrhythmia･
In this study, the real-time system was applied to the
tran ien  evaluation f the rapid response of the change
inWall thickness of the artery due to the administration
of NTG.
II. TRANSIENT EvALUATION OF ARTERIAL
RESPONSE TO NTG FOFL HEALTHY SUBJECT,′
h this study, the developed system 【3】 is applied to
measurement of the transient response of the change
inthickneSS Of the common carotidartery (CCA) for
the first 160 seconds fter sublingllaladministration of
spray- ype NTG.
The丘rst subj ct is  25-year-old healthy male vol-
unteer. The ultrasonicfrequency is 7 MHz. Points (A)
and (B)are set on theintimaand adventitia, respec-
tively, of the posterior wall. The ultrasonic beampaS5-
1ngthroughthese two points is perpendicularto the
wall during the measurements･ The dlangeinthick-
neSS, △hAB (i), Of the posterior wall is esti品ated byin-
一ー■...
tegration of the difference between the velocity signals
measured at the two points Åand B. A minute change
in thickness of scveraltenth of micrometers is mea-
sured with good reproducibility･ The blood pressureI
p(i), isal80 COntinuouslyand noninvasively measured
at the radialartery using a blood pressure manometer
(JapanColin, Jentow-7700)･
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Fig･ 2･ The transient response Of a 25-year-old healthy male
subject to the administration of nitroglycerine (NTG)･
(a) ECG for Selected heartbeatS･ (b) The pulse rate detected
from the interval of the A-waves in the ECG. (C) The blood
pr㈱ure continuously measured at the radialartery by the
mamomeもer. (d) The pu18e pressure (bold line) and the time
dela;y from the R-wa･ve to the occurrence of the peak of the
pul8e pr鰯ure (thinline). (e) The dhange in thickne封Of
the carotid arterialWal1. (f) The maximum yalue of the
change in thickne88, △hAB(i), Of the CCA detected for each
heartbeat.
Figure 2 shows the transient response to the subl
lingualadmimistration of NTG･ For each heartbeat,
the waveformof the change in thickness, △hAB(i), iS
measured aS Shown in Fig. 2(e) and the maximum
of JAhAB(i)l during each heartbeat is detectedand
is showninFig. 2(f). From about 40 Seconds after
the administration of NTG, the pulse rate shown in
Fig. 2(b), which is determined from the a-Rinterval
of the ECGinFig. 2(a), graduallyincreaBeS,and the
pulse pressure shownin Fig. 2(d) gradually decreases,
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where the pulse pre sure is the diaerence between the
maximalblo d pressureand the diastolic pressure･ At
the sam  t me, the maximum dlangeinWall thickness
gradually decreases･ For the changeinthickness in
Figs. 2(e)and 2(f),the waveform for each heartbeat is
obtained by averaging Over 20 adjacent heartbeats･ By
ssuming that the change inarterialcompliance is one
of the factors wh ch in且uence the prolongation of the
打riValtime f the peak pressure at the radialartery,
thcarterialWall becomes compliant about 40 seconds
after th  administration of NTG becausethere is grad-
ualincreaSe Of the delay - shownin Fig. 2(d) - between
the peak blood pressure and the peak of the 氏-wave･
its/rnln 80 70 60 m顎 置?ﾅ6W&?R?( g ○r訂 if 'Jj ○( 250 
■b.dpJreWu"醜-~醜鹿二二 
putS○pre88ure 
elA廿lTle ??
き8 0 一lO _80 mICro- 價ｩ??∞( 8 ;誓 o:芦( ( 
maxlmumcannt州ckn○sB 
meter ?#???????C?c?
tlme lrom色dnlnIs廿ation of NTQ lsoeond】
Fig･ 3･ The transient re8pOnBe Of a 27-year-old male BmOker to
the administration of NTG. For detail 8Ce Fig･ 2･
III. TRANSIENT EvALUATION OF ARTERIAI.
RESPONSE TO NTG FOR SMOKER
Next,the same m asurement is applied to the pos-
terior wall of the CCA of a 27-year101d male smoker
consumlng about 20 cigarettes per day for seven years
and the resultsare showninFig. 3. The wall thick-
ness is about 1.3 mm, which isalmost same as thefirSt
subject in Fig. 2･
By comparing F g･ 3with Fig･ 21 the following
observations w re found:
1. The changeinthick ess during one heartbeat in
Figs. (e)and (f) is r latively small for the smoker･
2. The gradualc angeSinthe pulse rateinFig･ (b),
the pulse pressu einFig. (d),and the maximum
changeinthickncss in Fig. (f) due to the response
to the administration of NTG are relatively small
for the Smoker. Thus, the response to the admin-
istration of NTG is smaller forthe smoker, com-
pared to the young healthy volunteers.
3. These changes start about 40-60 Seconds a氏er the
administration of NTG for these sIJbjects. Simi-
larresults have bccn obtained for severalother
healthy subjects.
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Fig. 4. Pr㈱ure-"change in thickn鰯"curYC$ Of the Same 261
year101d healthy male subject as in Fig. 2.
IV. PRESSURE- UCHANGE IN THICKNESSnCURVES
Figure 4 Shows the relationship between the instan-
taneous pressure p(i) atthe radialartery (Fig. 2(C))
and the dlange in thickness, △hAB(i), Of the wall of
the CCA during each of the heartbeats in Fig･ 2(e) for
the llealthy subject in Fig. 2. The丘ve cuⅣes corre-
spond to the moments just befわre the administration
of the NTG, 35 8cconds after the administration, 70
seconds a氏er the administration, 105 5eCOndS a洗er the
administration, and 120 S∝onds a氏er the administra-
tion.
For the curve 35 8cconds after the administration,
the maximum pressure decreaSeSand the changein
thicknessincreases. Since the gradient of the curve
decreases, the wall becomes compliant.
For the curve 70 Seconds after the administration,
the maximum pressure still decreases and the change
inthickness increase. Ftom the gradient,the wall still
becomes. compliant･
For the curves 105 secondsand 120 seconds after the
administration, the maximum pressure still decreases.
However, the maximum change on thickness decreases
and the cuⅣes approach the level of the control cuⅣe.
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That is, the elasticity of the wall returns to the original
Value.
Forth  smoker in Fig. 3, the curves have different
shapesand gradientswith those of the healthy Subject
inFig. 4. The gradient is steep and the response of
th  administration of the NTG is small.
V. CoNCLUSIONS
h this paper we have demonstrated a novel real-
time system for simultaneous measurement of velocity
signals at two points preset onanultrasonic beam by
tracking the large movement of the object duringthe
cardiac cycle. Ftom the resultant velocity Signal8, the
localchangeinthickness of the arterialWall was evalu-
ated in realtime. In the preliminary clinicalstudy, the
response of the arterialWall to NTG is directly evalu-
ated by the changeinWall thickncssfor the first time.
Such continuous meaBurementS are Only possiblewith
a real-time system.
Fhrtherinvestigations are necessary tofully support
the evaluation method of the response Of thearterial
Wall to administration of NTG Since the administration
carries Ⅵ肝ious side effects such aB the reduction of the
preloadfor the heart. Detail hemodynamic studies of
the cardiac output flow, the vcntricularstroke volume
and associated pressure,舶Well as pressure build-up
during the ventricular systole arealso necessary to in-
Ⅶstigate f♭r a more accurate eⅦ1uation of discrimina-
tory effects of NTG on thearterialWal1. Application
of the technique to evaluate the response tO NTG for
patients witharterialdiseases shouldalso be investi-
gated･　'
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駆血解除後の血管の弾性率変化に関する基礎研究
杉本昌隆,長谷川英之,金井　浩(東北大学大学院工学研究科)
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第1章
緒亭
1.1　本研究の背景
近年､食生活の欧米化や高齢化社会の急速な進展に伴い､心筋梗塞や脳梗塞などの循環
器系疾患の増加が問題となってきている【1】｡これらの疾患は動脈硬化症が主要な原因と
言われており､動脈硬化症の早期診断が必要不可欠である｡
血管内皮上で生成されるⅣ0(一酸化窒素)には､平滑筋を弛緩させる作用がある｡こ
■
の〃0の生成機能を解析することで血管内皮がどれだけ障害を受けているのかが分かり､
極めて早期動脈硬化症の診断が可能ではないかと考えている｡
本研究グループでは､血管内皮を超音波診断装置を用いて非侵襲的に､しかも無害かつ
簡便に評価できる方法として位相差トラッキング法を開発し､数十〝mオーダの微小な厚
み変化から弾性率を算出し動脈硬化症の早期診断を可能とした｡
1.2　従来の研究
従来の研究では､カフ駆血解除後及び血管拡張薬投与後の動脈の血管反応性の超音波に
よる検査が行なわれている｡この検査法では､既存の超音波診断装置のBモード断層像
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上の距離計測機能を用いて､駆血解除後と血管拡頚薬投与後の動脈内径と壁厚を､血流速
度とともに拡張期において計測しているが､分間隔の計測であり､時間分解能が十分では
ない｡
1.3　本研究の目的
そこで本研究では､カフ駆血後の上腕動脈血管内皮機能により変化する弾性率を､位相
差トラッキング法を用いて計測し､血管反応性の評価方法について検討を行う｡
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第2章
血管反応性の評価方法
2.1　緒言
本章では､まず弾性率Eの算出原理について述べる｡また､内皮依存性血管拡頚作用に
ついて､目的と原理を述べる｡
2.2　弾性率の算出
動脈壁の弾性率Eの算出法について説明する【2日3]｡まず拡張末期における壁厚h｡を
計測し･動脈壁の厚み変化△h(i)のhoに対する比の値によって､半径方向ひずみ量6,(i)
を算出できる｡
6,(i) -
ユh(i)
ho (2.1)
(2･1)式を用いて､心臓の拡張末期の血圧が最小となる時点と収縮期の血圧が最大とな
る時点の間での平均的な弾性率Eを算出する｡
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E-;(記.1)e lPa]　　　(2･2)
ここで･ Apは脈圧(最高血圧と最低血圧の差)､ r｡は拡張末期における動脈の内半径､
Emはひずみの最大値である｡ひずみの最大値は､厚み変化の最大値を(2･1)式の△h(i)
に代入することで得られる｡
2.3　内皮依存性血管拡張作用
一酸化窒素(〃o)は､中膜平滑筋細胞に拡散して反応を起こし､細胞内でのカルシウム
イオン濃度を低下させ､これによって筋収縮が阻害されることによって平滑筋細胞に弛緩
が生じ血管拡張を引き起こす鮎Ⅳ0による平滑筋の弛緩反応は､駆血解除後などに起こ
る一過性の血流増加による血管内皮細胞への刺激(ずり応力)によってⅣ0が産生され､
中膜に拡散していく血管内皮依存性弛緩反応と､ Ⅳ0供与体によって閉滑掛こⅣ0が直接
作用する血管内皮非依存性弛緩反応とがある｡
動脈硬化の三大危険因子(喫煙､高脂血症､高血圧)である喫煙臥NOの有する血管
■
拡張作用を損なわせてしまう【5】｡タバコの煙は多くのフリーラジカルを含み､生体内に
活性酸素を発生させる｡血管弛緩因子であるⅣ0もフリーラジカルであるため､同じラジ
カルである活性酸素と容易に反応してその活性を失ってしまう｡したがって､タバコの煙
に含まれるフリーラジカルが､内皮で産生された内皮由来のⅣ0または硝酸塩によって供
与されたⅣ0を不活性させる可能性がある｡
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第3章
ハイドロホンを用いたパルス長の測定
3.1　緒言
上腕動脈壁の厚みは約500Funであり､頚動脈壁の厚み(約1mm)に比べておよそ半分
である｡血管内申膜の反応性をより正確かつ細かく見るために､上腕動脈壁を等間隔に3
層に分けて計測したい｡それには､ 1層あたり少なくとも約160pmの距離分解能が必要で
■
ある｡しかし､用いる超音波の波長がこれより大きいと､正確なデータが得られない｡
そこで､実験で使っているアロカ社製超音波診断装置(型番SSD6500､送信周波数10MHz､
サンプリング周波数40MHz)のパルス長をハイドロホン(ゼネレクス製MH28- 10)を
用いて測定し､上腕動脈壁を計測するのに十分な空間分解能があるのかどうかを調べる｡
3.1.1　RF信号の計測
次の図はハイドロホンにより得られた1U信号である｡
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図3.1: RF信号
3.1.2　直交検波信号
次の図は得られた直交検波信号である｡
46
Ⅵ.7帥
6　　　5　　4　　3
tL～IllllI↑V･IlIIlrl-
j.-｣J1_～1_
qI～lJF
1,-I
＼
･III･･J･
し1一
ヽ■′
＼ヽ
rt･･･l㌔
300 un
図3.2:直交検波信号
生体内での音速約1530m/Sなので､計算すると超音波のパルス長は約300IWnと推定さ
れる｡　　　　　　　　　　　　　　　　　　　　　　　　　,
3.2　緒言
以上より､超音波パルスの方が上腕動脈壁の1層の厚みよりも大きいので､ 3層に分け
て､より細かく内申膜血管反応性を解析するのは極めて難しいのではないかと思われる｡
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第4章
カフ駆血による上腕動脈内申膜厚み変化お
よび弾性率の検討
4.1血管内皮の役割とその評価法
血管伸展性とは動脈壁の横軸方向への伸び特性(弾性率)をいう｡動脈を管と見たてて
その壁の弾性を測定する方法はPWV(pulse wave velocity)や頚動脈siiffness paramete,
として評価されてきた【6]｡大動脈弁口に発生する脈波が総腸骨動脈分岐部まで壁を伝わっ
て伝搬する速度を測定するもので､動脈壁を導体とする縦波の合成波である｡
動脈血管は血管内皮細胞ならびに血管平滑筋からなっており､動脈硬化症の早期病変と
して､血管内皮細胞の器質的または機能的異常が指摘されている｡血管内皮細胞は動脈を
内張りしている1層の細胞群であり､単に血管の内壁を覆い､血液成分と生体組織間を隔
てているのみならず多彩な生理的機能を有し､循環を中心とした生体の恒常性維持に重要
な役割を果たしていることが次第に明らかになってきた｡
血管内皮細胞はアセチルコリンやsheer slressなどの刺激により､内皮細胞由来平滑筋
弛緩因子;EDIUl一酸化窒素(NO)またはNO類似化合物)を産生､放出し､血管のト-
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ヌスを調節している｡動脈硬化血管ではEDRF/NOを介する内皮細胞依存性血管弛緩反
応が低下していることが報告されている｡また､血管内皮細胞機能の低下が動脈硬化症の
初期変化ともいわれている｡
血管内皮細胞の機能的異常を検出する方法は､従来よりカテーテルなどを用いた侵蕪的
方法を用い､冠状動脈内にアセチルコリンその他を投与し､同血管の拡韻反応を検討する
方法などがとられていた｡しかしながら近年､超音波診断装置を用いた非侵集的方法が考
案され､内皮依存性弛緩反応として､上腕動脈や大腿動脈における血流依存性血管拡張反
応を検討することが行なわれ､すでに高コレステロール血症患者､喫煙者､糖尿病患者で
はこの血流依存性血管拡張反応の低下が認められることが報告されている｡現在､血管内
皮機能評価法として､この超音波診断装置を用いた上腕動脈前腕部分5分間駆血後の血流
依存性血管拡輩反応を検討することが行なわれている｡
本章では､本研究室で開発した位相差トラッキング法を用いてカフ駆血後の上腕動脈壁
内申膜の厚み変化を計測し､弾性率を算出する｡そして､そこで得られた弾性率から血管
反応性を検討する｡
4.2　ヒトの上腕動脈におけるin vivo計測
ここでは､第2章で述べた計測システムを用いて23歳男性健常者に関して上腕動脈を5
分間駆血した後解除し､約2分間の心電図､血圧､速度波形､血管の内径変化および壁の
厚み変化を約12-13秒間隔で計測した｡血圧はトノメトリ測定器を用い､連続して計測
した｡そして脈圧(最高血圧と最低血圧の差)､壁厚変化と脈圧との関係から算出した弾
性率､動脈後壁の一拍内の壁の厚み変化の最大値を時刻ごとにプロットした｡
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4.2.1上腕動脈の弾性率の計測
次に示す画像は23歳男性のB mode短軸断層像である｡血管を短軸像でとる理由は､血
管壁に対して超音波は常に垂直にあたるので､内申膜が捉え易いからである｡計測部位は
右上腕動脈で､超音波の送信周波数は10MHz､サンプリング周波数は40MHz､超音波
送信繰り返し周波数(pulse repetition frequency:PRF)は264Hzで計測を行なった｡
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0.5 mm
図4.1:上腕動脈のβモード像.
次に示すのは駆血前および駆血後におけるM mode像である｡ 1番上にある図は上腕動
脈のM mode像､ 2番目の波形は上腕動脈の内径を計測するための前壁と後壁内膜側の逮
度､ 3番目の波形は内申膜の厚みを計測するための後壁内膜側と後壁外膜側の速度､ 4番
目の波形は上腕動脈の内径変化､ 1番下の波形は上腕動脈後壁内申膜の厚み変化を表す｡
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図4.2:駆血前のM mode像
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図4.3:駆血解除直後のM mode像
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図4.4:駆血解除25秒後のM mode像
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図4.5:駆血解除50秒後のM mode像
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M mode像から得られた壁の厚み変化から､弾性率を算出する｡それらをグラフにプ
ロットした結果を次に示す｡
凝血解除後の血管の弾性率の推移
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図4.6:駆血解除後の上腕動脈の弾性率の推移
グラフより､駆血解除後約40-90秒の間に弾性率が変化していることが分かる｡
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4.2.2　上腕動脈を三層に分けての計測
第3章で説明した通り､より細かく血管内皮機能を評価するために､上腕動脈後壁を等
間隔に3層に分け､それぞれの弾性率を算出する｡ 1層はおよそ140pmである｡ここで
は空間分解能が問題になってくることは第3章でも述べた通りである｡また､比較をする
ために前回のと同じ〟 mode断層像を用いた｡
次に示すのは駆血解除前および駆血解除後のM mode断層像である｡なお､分かり易い
ように内申膜内側の厚み変化を黒､中側を青､外側を赤に色分けして波形を表示した｡
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図4.7:駆血解除直後のM mode像
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図4.8:駆血解除直後のM mode像
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図4.9:駆血解除38秒後のM mode像
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図4.10:駆血解除50秒後のM mode像
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M mode像から得られた壁の厚み変化から､弾性率を算出し､グラフにプロットする｡
グラフを以下に示す｡
凝血解除後の血管の弾性率の推移
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図4･12:駆血解除後の上腕動脈の弾性率の推移(3層)
駆血解除後約0-40秒､において弾性率がぬけているのはこ第3章でも述べたように､
うまく内申膜をとらえられず､弾性率を算出することができなかったからである｡一番外
側の弾性率にばらつきがあるが､内側と中側の弾性率はそれぞれ約50秒後と約75秒後に
おいて減少していることが分かり､ずり応力によってⅣ0を産生し､それによって血管が
軟らかくなったことを示唆している｡これは極めて早期動脈硬化症診断の可能性を示して
いる｡
4.3　結言
本章では､まず､血管内皮の役割とその評価法について述べた｡そして､ 23歳男性の上
腕動脈を5分間駆血した後解除し､約2分間､上腕動脈の厚み変化等を計測した結果を示
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した｡駆血解除後約45秒から90秒において血流のずり応力によってⅣ0が産生され､内
申膜に作用したことを示す弾性率の変化が見られた｡これは極めて早期動脈硬化症診断の
可能性があることを示唆する｡しかし､一回の計測に約12-13秒かかったことから､分
解能などの問題点を解決しながち今後さらに計測を行なう必要があると考えている｡
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第5章
結論
本論文では､血管反応性の評価のための駆血解除後の血管の弾性率変化に関する研究につ
いて述べた｡
第1章では､本研究の背景と目的として､心筋梗塞や脳硬基などの循環器系の疾患の主
要な原因となっている動脈硬化症の早期診断のための､動脈の血管反応性に関して述べた｡
第2章では､弾性率の算出原理と内皮依存性血管拡張作用について､目的と原理を述
べた｡
第3章では､超音波診断装置のパルス長をハイドロホンを用いて測定した｡これにより､
上腕動脈壁内申膜を3層に分けて計測するのに十分な空間分解能があるのかどうかを調べ
た｡その結果､上腕動脈壁内申膜全体の弾性率を出すのには問題がないが､ 3層に分けて
より細かな血管反応性を見るには難しいのではないかという結論に達した｡
第4章では､血管内皮の役割とその評価法について述べた｡上腕動脈を約5分間駆血し
た後解除し､約2分間､内皮依存性血管拡張作用により生じる血管壁の厚み変化を位相差
トラッキング法を用いて計測した結果を示した｡駆血解除後約45秒から90秒にかけて弾
性率の減少が見られたことから､この方法が極めて早期動脈硬化症診断の可能性があるこ
とを示した｡さらに約12秒～13秒間隔で計測を行なっているが､さらに詳細な血管反応
性を評価するためにはこの間隔をもっと短くすることが望ましい｡時間分解能を向上させ
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ることによって詳細な厚み変化等の計測結果を評価することが可能になり､さらなる動脈
硬化症診断法を確立させることができるようになると思われる｡
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